Abstract. The rewetting of drained peatlands alters peat geochemistry and often leads to sustained 27 elevated methane emission. Although this methane is produced entirely by microbial activity, the 28 distribution and abundance of methane-cycling microbes in rewetted peatlands, especially in fens, 29 is rarely described. In this study, we compare the community composition and abundance of 30 methane-cycling microbes in relation to peat porewater geochemistry in two rewetted fens in 31 northeastern Germany, a coastal brackish fen and a freshwater riparian fen, with known high 32 methane fluxes. We utilized 16S rDNA high-throughput sequencing and quantitative polymerase 33 2 chain reaction on 16S rDNA, mcrA, and pmoA genes to determine microbial community 34 composition and the abundance of total bacteria, methanogens, and methanotrophs. Electrical 35 conductivity was more than three times higher in the coastal fen than in the riparian fen, averaging 36 5.3 and 1.5 mS cm -1
chain reaction on 16S rDNA, mcrA, and pmoA genes to determine microbial community 34 composition and the abundance of total bacteria, methanogens, and methanotrophs. Electrical 35 conductivity was more than three times higher in the coastal fen than in the riparian fen, averaging 36 5.3 and 1.5 mS cm -1 , respectively. Porewater concentrations of terminal electron acceptors varied 37 within and among the fens. This was also reflected in similarly high intra-and inter-site variations 38 of microbial community composition. Despite these differences in environmental conditions and 39 electron acceptor availability, we found a low abundance of methanotrophs and a high abundance 40 of methanogens, represented in particular by Methanosaetaceae, in both fens. This suggests that 41 rapid re/establishment of methanogens and slow re/establishment of methanotrophs contributes to 42 prolonged increased methane emissions following rewetting. 43
Introduction 44
Rewetting is a technique commonly employed to restore ecological and biogeochemical 45 functioning of drained fens. However, while rewetting may reduce carbon dioxide (CO2) emissions 46 (Wilson et al. 2016) , it often increases methane (CH4) emissions in peatlands that remain mostly 47 inundated following rewetting. The factors that contribute to the magnitude and duration of this 48 increase are still uncertain (Joosten et Peat CH4 production and release is governed by a complex array of interrelated factors including 58 climate, water level, plant community, nutrient status, site geochemistry, and the activity of 59 microbes (i.e. bacteria and archaea) that use organic carbon as energy source (Segers 1998 Nevertheless, fluxes remained higher than under pre-flooding conditions (ibid.), and higher than 97 in pristine fens (Urbanová et al. 2013 , Minke et al 2016 . 98
We expected patterns in microbial community composition would reflect the geochemical 99 conditions of the two sites and hypothesized a high abundance of methanogens relative to 100 methanotrophs in both fens. We also expected acetoclastic methanogens, which typically thrive in 101 
Study sites 106
The nature reserve "Heiligensee and Hütelmoor" ('Hütelmoor' in the following, approx. 540 ha, 107 54°12'36.66" N, 12°10'34.28" E), is a coastal, mainly minerotrophic fen complex in Mecklenburg-108 Vorpommern (NE Germany) that is separated from the Baltic Sea by a narrow (~100 m and less) 109 dune dike (Fig. 1a and b) . The climate is temperate in the transition zone between maritime and 110 continental with an average annual temperature of 9.1 °C and an average annual precipitation of 111 645 mm (data derived from grid product of the German Weather Service, reference climate period: 112 1981-2010). Episodic flooding from storm events delivers sediment and brackish water to the site 113 (Weisner and Schernewski 2013 Intense draining and land amelioration practices began in the 1970s, which lowered the water level 118 to 1.6 m below ground surface and caused aerobic decomposition and concomitant degradation of 119 the peat (Voigtländer et al. 1996) . The upper peat layer varies in depth between 0.6 and 3 m and 120 is highly degraded, reaching up to H10 on the von Post humification scale (Hahn et al. 2015) . respectively, to cover the whole lateral extension at each site (Fig. 1b and c) . Peat cores were 148 collected with a Perspex liner (ID: 60 mm, Hütelmoor) and a peat auger (Zarnekow). In order to 149 minimize oxygen contamination, the outer layer of the peat core was omitted. was then converted into a dissolved CH4 concentration using the temperature-corrected solubility 167 coefficient (Wilhelm et al. 1977) . Isotopic composition of dissolved CH4 for Hütelmoor was 168 analyzed using the gas chromatography-combustion-technique (GC-C) and the gas 169 chromatography-high-temperature-conversion-technique (GC-HTC). The gas was directly 170 injected in a Gas Chromatograph Agilent 7890A, methane was quantitatively converted to CO2 171 and the δ 13 C values were then measured with the isotope-ratio-mass-spectrometer MAT-253 172 (Thermo Finnigan, Germany). The δ 13 C of dissolved methane in Zarnekow was analyzed using a 173 laser-based isotope analyzer equipped with a small sample isotope module for analyses of discrete 174 gas samples (cavity ring down spectroscopy CRDS; Picarro G2201-I, Santa Clara, CA, USA). 175
Calibration was carried out before, during and after analyses using certified standards of known 176 (2010) with annealing at 58 °C. Different DNA template concentrations were tested prior to the 239 qPCR runs to determine optimal template concentration without inhibitions through co-extracts. 240
The 25 µl reactions contained 12.5 µl of iTaq universal Sybr Green supermix (Bio-Rad, Munich, 241 Germany), 0.25 µM concentrations of the primers, and 5 µl of DNA template. Data acquisition 242 was always done at 80 °C to avoid quantification of primer dimers. The specificity of each run 243 was verified through melt-curve analysis and gel electrophoresis. Only runs with efficiencies 244 between 82 and 105% were used for further analysis. Measurements were performed in triplicates. 245
We determined the ratio of methanogens to methanotrophs based on gene abundances of mcrA and 246
pmoA. The marker gene for the soluble monooxygenase, mmoX, was neglected due to the absence 247
of Methylocella in the sequencing data (Fig. 3) . 248
Data visualization and statistical analysis 249
All data visualization and statistical analysis were done in R (R Core Team). The taxonomic 250 relative abundances across samples were visualized through bubble plots with the R package 251 ggplot2 (Wickham 2009 ). Differences in microbial community composition were visualized with 252 2-dimensional non-metric multidimensional scaling (NMDS) based on Bray-Curtis distances. The 253 NMDS ordinations were constructed using R package vegan (Oksanen et al. 2017 ). An 254 environmental fit was performed on the ordinations to determine the measured geochemical 255 parameters that may influence community composition. The geochemical data were fitted to the 256 ordinations as vectors with a significance of p < 0.05. Depth profiles were constructed with the 257 porewater geochemical data, as well as with the microbial abundances, to elucidate depthwise 258 trends and assess whether differences in microbial community and abundances among the two fens 259 are related to differences in their respective geochemistry. 260 261
Results 262

Community composition of bacteria and archaea 263
Bacterial sequences could be affiliated into a total of 30 bacterial phyla (Fig. 2) . Among them, 264
Proteobacteria, Acidobacteria, Actinobacteria, Chloroflexi, Nitrospirae and Bacteroidetes were 265 present in all samples. With mean relative abundance of 48%, Proteobacteria was the most 266 abundant phylum. Some taxa (e.g., Verrucomicrobia, Atribacteria (OP9), and AD3) were present 267 only in Hütelmoor. Variation in community composition was larger in Hütelmoor samples than in 268
Zarnekow. Within Proteobacteria, the alpha subdivision was the most dominant group, having 269 contributed 26.7% to all the libraries on average (Fig. 3) . The family Hyphomicrobiaceae 270 dominated the Alphaproteobacteria, and was distributed evenly across samples, but missing in the 271 surface and bottom peat layers in Hütelmoor core (HC) 2. In addition, methanotrophs were clearly 272 in low abundance across all samples. Of the few methanotrophs that were detected, type II 273 methanotrophs (mainly Methylocystaceae) outcompeted type I methanotrophs (mainly 274
Methylococcaceae) in the community, while members of the genus Methylocella were absent (Fig.  275   3) . 276
Within the archaeal community, Bathyarchaeota were mostly dominating over Euryarchaeota (Fig.  277   4) . The MCG group (mainly the order of pGrfC26) in Bathyarchaeota prevailed across all samples 278 but was especially abundant in HC 2 samples. In addition to Bathyarchaeota, methanogenic 279 archaea were important, and on average contributed 30.6% to the whole archaeal community. 280
Among the methanogens, acetoclastic methanogens were more abundant in most of the samples 281
and Methanosaetaceae (24.8%) were the major component. They were present in most samples 282 and much more dominant than Methanosarcinaceae (2.0%). Hydrogenotrophic methanogens, such 283
as Methanomassiliicoccaceae (1.6%), Methanoregulaceae (1.2%) and Methanocellaceae (0.6%), 284 albeit low in abundance, were detected in many samples. Hütelmoor samples displayed greater 285 variability in archaeal community composition compared to Zarnekow samples. The putative 286 anaerobic methanotrophs of the ANME-2D (Raghoebarsing et al. 2006 ) clade occurred in patchy 287 abundance with dominance in single spots of both sites. In HC 1 they represented a mean relative 288 abundance of 40.9% of total archaeal reads but were almost absent in all other Hütelmoor cores. 289
In Zarnekow core (ZC) 3, ANME-2D represented up to approximately 30% of all archaea but were 290 otherwise low in abundance. 291
Environmental characteristics and site geochemistry 292
The two rewetted fens varied substantially in their environmental characteristics (e.g., proximity 293 to the sea) and porewater geochemistry (Fig. 5, Tables 1 and 2 ). Electrical conductivity was more 294 than three times higher in Hütelmoor than in Zarnekow, averaging 5.3 and 1.5 mS cm -1 , 295 respectively. Mean pH was approximately neutral (6.5 to 7) in the upper peat profile and 296 comparable in both fens until a depth of about 30 cm where pH was ~6 in the Hütelmoor. 297
Concentrations of the TEAs nitrate and sulfate were lower in Zarnekow and near zero in the pore 298 water at all depths, while nitrate and sulfate were abundant in the upper and lower peat profile in 299
Hütelmoor at ~1.5 to 3.0 mM and ~4 to 20 mM, respectively (Fig. 5) . Iron concentrations were 300 higher in the Hütelmoor pore water, while manganese concentrations were higher in Zarnekow 301 pore water. Dissolved oxygen concentrations in the upper peat profile (i.e. 0 to 25 cm depths) were 302 much higher in Hütelmoor than in Zarnekow (Fig. 5) . Here DO concentrations averaged ~0.250 303 mM until a depth of 15 cm at which they dropped sharply, reaching concentrations slightly below 304 0.050 mM at 25 cm. In Zarnekow, DO concentrations did not exceed 0.1 mM and varied little with 305 depth. Regarding geochemical conditions, HC 1 was distinct from all other Hütelmoor cores and 306 more similar to Zarnekow cores. In HC 1 -the core taken nearest to potential freshwater sources 307 (Fig. 1b) -pore water EC and DO concentrations were lower while pH was slightly higher than 308 all other Hütelmoor cores. Moreover, this was the only Hütelmoor core where nitrate 309 concentrations were undetectable (Fig. 5) . Dissolved CH4 concentrations were high, varied within 310 and among fens and were slightly higher in Zarnekow pore water. Stable isotope ratios of ∂ 13 C-311 CH4 ( 
Environmental drivers of microbial community composition 316
Bacterial and archaeal population at both peatland sites showed distinct clustering ( Fig. 6) with 317 similarly high intra-and inter-site variations but greater overall variation in community 318 composition in the Hütelmoor. Community composition varied much more strongly in HC 2 than 319 in any other core (grey dashed-line polygon in Fig. 6 ). Bacterial communities in HC 1 were more 320 similar to communities in all Zarnekow cores than in other Hütelmoor cores (Fig. 6a) . The archaeal 321 community in HC 1 was more similar to Zarnekow cores as well (Fig. 6b) . Overall, the influence 322 of depth on microbial community was evident, especially in the Hütelmoor where the differences 323 were more pronounced. Environmental fit vectors suggest pH, oxygen and alternative TEA 324 availability as important factors influencing microbial community composition. The EC vector 325 suggests the importance of brackish conditions in shaping microbial communities in the Hütelmoor 326 (Fig. 6a -c) . 327
Total microbial and functional gene abundances 328
Quantitative PCR results show that in both fens, mcrA abundance is up to two orders of magnitude 329 greater than pmoA abundance (Fig. 7, Tables 1 and 2 ). Gene copy numbers of mcrA are overall 330 higher and spatially more stable in Zarnekow than in Hütelmoor. Total microbial abundance 331 declined with depth more strongly in Hütelmoor than in Zarnekow (Fig. 7) . There was a 332 Comparing the geochemical depth profiles (Fig. 5) with the relative abundance of bacteria and 367 archaea (Figs. 3 and 4) provides a more complete picture of the relationships between microbial 368 communities and site geochemistry, particularly with respect to TEA utilization. While the 369 porewater depth profiles suggest there is little nitrate available for microbial use in HC 1, the 370 relative abundance plot for Archaea showed that this core was dominated by ANME-2D. ANME-371 2D were recently discovered to be anaerobic methanotrophs that oxidize CH4 performing reverse 372 methanogenesis using nitrate as an electron acceptor (Haroon et al. 2013). However, ANME-2D 373 has also been implicated in the iron-mediated anaerobic oxidation of methane (Ettwig et al. 2016), 374 and the HC 1 site showed slightly higher total iron concentrations. The relevance of ANME-2D as 375 CH4 oxidizers in terrestrial habitats is still not clear. Rewetting converts the fens into widely 376 anaerobic conditions, thus providing conditions suitable for the establishment of anaerobic 377 oxidation of methane, but this has yet to be demonstrated in fens. The patchy occurrence and 378 locally high abundance of ANME-2D both in Hütelmoor and in Zarnekow suggests an ecological 379 relevance of this group. Shifts toward a less negative d 13 C-CH4 signature in the upper peat profile, 380 especially in HC 1 where ANME-2D was abundant, may indicate partial oxidation occurred, but 381 we could only speculate whether or not they are actively involved in CH4 oxidation. 382
Although TEA input may be higher in the Hütelmoor, here, methanogenic conditions also 383 predominate. This finding contrasts the measured oxygen concentrations in the upper peat profile, 384 however seasonal analysis of oxygen concentrations in both sites suggests highly fluctuating 385 oxygen regimes both spatially and temporary (data not shown). Such non-uniform distribution of 386 redox processes has already been described elsewhere, in particular for methanogenesis ( centimeters. This suggests that syntrophic degradation of organic material is taking place in the 393 uppermost layer and the fermented substances are easily available for methanogens. Recent studies 394 from wetlands also show that methanogenesis can occur in aerobic layers, driven mainly by 395 Methanosaeta (Narrowe et al. 2017, Wagner 2017), which were detected in a high abundance in 396 this study (Fig. 4) . As geochemistry and microbial community composition differ among the sites 397 in this study, it is thus notable that a similarly high abundance of methanogens, and low abundance 398 of methanotrophs was detected in both fens. The dominance of methanogens implies that readily 399 available substrates and favorable geochemical conditions promote high anaerobic carbon turnover 400 despite seasonally fluctuating oxygen concentrations in the upper peat layer. 401
Microbial evidence for high CH4 emissions 402
Methanogens (mainly Methanosaetaceae) dominated nearly all of the various niches detected in 403 this study, while methanotrophs were highly under-represented in both sites (Figs. 3 and 4) . 404
Functional and ribosomal gene copy numbers not only show a high ratio of methanogen to 405 methanotroph abundance (Fig. 7) irrespective of site and time of sampling, but also a small 406 contribution of methanotrophs to total bacterial population in both sites. Methanotrophs constitute 407 only ~0.06% of the total bacterial population in the Hütelmoor and ~0.05% at Zarnekow. It should 408 be noted that in this study we measured only gene abundances and not transcript abundances, so 409 that the pool both of active methanogens and methanotrophs was likely smaller than the numbers 410 
